The factor catalyzing the first step in the synthesis of the characteristic pentaglycine interpeptide in Staphylococcus aureus peptidoglycan was found to be encoded by the essential gene fmhB. We have analyzed murein composition and structure synthesized when fmhB expression is reduced. The endogenous fmhB promoter was substituted with the xylose regulon from Staphylococcus xylosus, which allowed glucose-controlled repression of fmhB transcription. Repression of fmhB reduced growth and triggered a drastic accumulation of uncrosslinked, unmodified muropeptide monomer precursors at the expense of the oligomeric fraction, leading to a substantial decrease in overall peptidoglycan crosslinking. The composition of the predominant muropep 
The staphylococcal cell wall plays an important role in infection and pathogenicity. Because of the uniqueness of the peptidoglycan structure and assembly it is one of the preferred targets of antibiotics. The Staphylococcus aureus peptidoglycan consists of linear sugar chains of alternating units of Nacetylglucosamine (GlcNAc) and N-acetylmuramic acid substituted with the pentapeptide L-Ala-D-iGln-L-Lys-D-Ala-DAla. Characteristic for S. aureus is the pentaglycine side chain that connects L-Lys of the stem peptide to the D-Ala in position 4 of a neighboring subunit, whereby the D-Ala in position 5 is split off by transpeptidation. The flexible pentaglycine interpeptide allows a peptidoglycan crosslinking degree of up to 90%, thus contributing substantially to cell wall stability (1) . In addition, this pentaglycine chain acts as a recipient for staphylococcal surface proteins that are covalently anchored to it by a transpeptidase-like reaction (2) . Surface proteins play an important role in adhesion and pathogenicity by interacting with host matrix proteins (3, 4) . Staphylococci that have acquired the low-affinity penicillin-binding protein PBP2Ј express intrinsic resistance to virtually all ␤-lactam antibiotics (5) . Genetic studies have revealed that inhibition of pentaglycine side-chain formation reduces methicillin resistance without affecting PBP2Ј synthesis, resulting in ␤-lactam hypersusceptibility (6) (7) (8) . Thus, the interpeptide has several functions related to bacterial growth, cell wall stability, pathogenicity, and antibiotic resistance.
Synthesis of the pentaglycine chain occurs at the membranebound lipid II precursor GlcNAc-(␤-1,4)-N-acetylmuramic acid(-L-Ala-D-iGln-L-Lys-D-Ala-D-Ala)-pyrophosphor ylundecaprenol by sequential addition of glycine to the -amino group of lysine, using glycyl-tRNA as donor, in a ribosomeindependent fashion (9) . Chain formation depends on proteins of which two, FemA and FemB, have been identified previously. FemA is involved in the incorporation of glycyl residues 2 and 3 (6, 7) , and FemB in that of glycyl residues 4 and 5 (10) . Although FemA and FemB have a relatively high amino acid sequence identity (40%) and similarity (64%) they are specific and cannot substitute for each other (11) . A third factor, FemX, has been postulated to be responsible for the incorporation of the first glycine (12) . Because femAB null mutants are barely viable and depend on compensatory mutations for survival (8) , femX is predicted to be a lethal target. Interestingly, S. aureus contains one glycyl-tRNA gene for protein biosynthesis and three nonproteinogenic glycyl-tRNA genes that are involved in cell wall biosynthesis (13, 14) . It is tempting to speculate that each Fem factor may preferentially recognize one of the three glycyl-tRNA species.
Other FemAB-like factors have been identified in staphylococci, such as Lif in Staphylococcus simulans biovar staphylolyticus (15) and Epr in Staphylococcus capitis (16) , which protect these strains from their own glycyl-glycine endopeptidase (17) . Genome analysis of a nonpublic database produced three novel femAB-like sequences, fmhA, fmhB, and fmhC (synonym eprh; ref. 18) in S. aureus (19) . Whereas inactivation of fmhA and fmhC apparently has no effect on growth and physiology, fmhB was shown to be essential and was postulated to be femX (19) . To investigate its function in peptidoglycan biosynthesis we placed fmhB under the control of the xylose regulon of Staphylococcus xylosus (20) and could demonstrate a clear correlation between fmhB repression and accumulation of unsubstituted peptidoglycan monomer precursors, proving the assumption that FmhB has the activity of the hypothetical FemX.
aureus RN4220 is a phage-less, restriction negative strain transformable by electroporation (21) . BB255 (22) was used as template for gene amplifications, and its methicillin-resistant derivative, strain BB270 (22) was used for fmhB promoter replacement. Plasmid pCX15 containing the xylose regulatory system of Staphylocccus xylosus was obtained from K. P. Wieland, University of Tübingen, Tübingen, Germany (20) . The Escherichia coli-S. aureus shuttle vector pOX7, temperature sensitive for replication in S. aureus, conferring ampicillin resistance to E. coli and erythromycin resistance to S. aureus, was obtained from K. Dyke, University of Oxford (23) . Growth medium was LB (Difco) supplemented with 0.5% glucose or 0.5% xylose where indicated. Transductions in S. aureus were made with generalized transducing phage 80␣ (24) . Transformants and transductants were selected in the presence of 20 g͞ml of erythromycin at 30°C. Strains with chromosomally integrated recombinant temperature-sensitive plasmid were propagated in presence of 10 g͞ml of erythromycin at 42°C to maintain plasmid integration.
Susceptibility Tests. Minimal inhibitory concentration (MIC) of the glycyl-glycine endopeptidase lysostaphin (Ambi, Trowbridge, U.K.) was determined by microbroth dilution using 10 4 cells in 100 l of LB per well as described earlier (7) . The MIC of methicillin was measured by Etest (AB Biodisk, Solna, Sweden) (25) . When determining MICs in the presence of glucose, the inoculum was prepared from overnight cultures grown on plates containing glucose. Growth was read after 24-h incubation at either 35°C or 42°C.
DNA Manipulations. Routine DNA manipulations were done according to protocols of Ausubel et al. (26) and Maniatis et al. (27) . Sequencing was performed with an ABI 310 automated sequencer (Perkin-Elmer).
Isolation of RNA and Northern Blots. Overnight cultures of S. aureus in LB were diluted 1:50 in LB plus supplements as indicated and grown to mid-log phase (OD 600 ϭ 0.7). The cells were harvested and processed with a FastRNA isolation kit (Bio 101) containing Trizol reagent (GIBCO Life Technologies, Basel) in a FastPrep reciprocating shaker (Bio 101) as described by Cheung et al. (28) . Five micrograms of RNA was separated on a 0.8% denaturing gel, transferred to a Biodyne A nylon membrane (Pall) using transfer buffer containing 3 M NaCl, 8 mM NaOH, and 2 mM Na-lauroylsarcosine. Transcripts were detected with a digoxigenin-labeled DNA probe covering fmhB (Fig. 1) . Digoxigenin labeling and detection were performed as recommended by Boehringer Mannheim, except for the following modifications: maleic acid buffer contained 0.1 M maleic acid, 3 M NaCl, pH 8, and blocking buffer contained 0.5% blocking reagent.
Insertional Replacement of the fmhB Promoter. xylR and the xylA promoter-operator region from S. xylosus located within a 1.7-kb HindIII-BamHI fragment in plasmid pCX15 were subcloned into pUC19 (29) . A 630-bp fragment comprising the ribosome binding site and the 5Ј region of fmhB (GenBank accession no. AF106849), amplified with the sense primer 1 (5Ј-GCGGATCCATTGTTAAATAGAAGGAGATATC-3Ј) and reverse primer 2 (5Ј-GCGGTACCCCCAGTGATTT-TCATTAATTC-3Ј) from S. aureus BB255, was cloned into the BamHI and KpnI sites downstream of the xylA promoter region. The resulting fusion of the xylose regulon with the 5Ј fragment of fmhB was sequenced to ensure fidelity of the PCR. The fusion product was excised by HindIII and EcoRI and subcloned into shuttle vector pOX7. The resulting plasmid pSR1 (Fig. 1) was electroporated into RN4220 from where it was transduced into BB270. To promote integration of the plasmid pSR1 into the chromosome of BB270, transductants grown at 30°C to stationary phase in LB broth containing 20 g͞ml of erythromycin were diluted 1:100 into fresh LB containing 2.5 g͞ml of erythromycin plus xylose, incubated at 40°C for 8 h, then rediluted 1:100 into fresh LB with 2.5 mg͞ml of erythromycin plus xylose and incubated overnight at 40°C. Appropriate dilutions were spread on LB-agar plates containing 2.5 g͞ml of erythromycin plus xylose and incubated at 42°C. Colonies were checked for plasmid integration by PCR using sense primer 3 (5Ј-AAATGAACAAT-GTGCTATATTACC-3Ј) and reverse primer 4 (5Ј-GCCAG-CAAACATTAATAGTGC-3Ј), as well as sense primer 5 (5Ј-GCGAATTCTTACACAAGCTCTGAATCGAC-3Ј) and reverse primer 6 (5Ј-GCCTGCAGATTTAGCTATTTCGGC-ATGAAG-3Ј) as indicated in Fig. 1 . In the resulting strain SR18 (mec, fmhB::pSR1) chromosomal integration was verified by Southern blot using a probe covering fmhB from the start codon to the HindIII site ( Fig. 1) .
Isolation of Peptidoglycan, Preparation, and Fractionation of Muropeptides. Five milliliters of overnight cultures of strain SR18 or BB270 grown at 42°C was diluted into 500 ml of fresh medium, grown aerobically to the exponential growth phase, and harvested at an OD 600 of 0.7. Peptidoglycan was isolated as described (7, 12) . Lyophilized murein was enzymatically degraded, and the resulting muropeptides were reduced to their muramitol derivatives and analyzed by reversed-phase HPLC using a Waters 626 system (7, 12) . Separated muropeptides were detected at 206 nm and identified by amino acid analysis, MS, or comparison with control samples (30) .
Desalting of Muropeptides. Selected peaks from a muropeptide separation were collected, chromatographed again under the same conditions, and desalted on a Waters 626 HPLC system using a ODS Hypersil column (Knauer, Berlin; particle size 3 m, column dimensions 4 ϫ 250 mm). Elution was performed at 30°C with a linear gradient from 0.05% trifluoroacetic acid (TFA) in water to 0.035% TFA in 30% CH 3 CN in 100 min starting 10 min after injection of the sample. The flow rate was 0.5 ml͞min. Desalted muropeptides were eluted between 45 and 55 min.
Amino Acid Analysis and MS. For amino acid analysis, 1 mg of lyophilized murein or desalted muropeptide was hydrolyzed in 6 N HCl at 166°C for 1 h, dried, and subjected to a Biotronic LC 5000 amino acid analyzer. For MS the desalted and lyophilized muropeptide was dissolved in 100 l of 5% CH 3 CN containing 0.035% trifluoroacetic acid (TFA). Two microliters of the sample was introduced into a Finnigan LCQ mass spectrometer (Thermoquest, Bremen, Germany) by loop injection. The flow rate of the solvent (0.035% TFA in 50% CH 3 CN) was 40 l͞min. Data acquisition was performed between 200 and 1,800 Da with scan times in the order of 2-3 s.
RESULTS
Construction of SR18 (mec, fmhB::pSR1). Because fmhB could not be inactivated by various gene replacement strategies it was postulated to be essential (19) . The fmhB promoter region in the S. aureus chromosome was replaced by the glucose-repressible xylose regulon of S. xylosus. For this purpose a shuttle plasmid, pSR1, temperature sensitive for replication in S. aureus, containing the xylose regulon of S. xylosus, fused to the 5Ј end of the fmhB gene, was constructed and integrated into the S. aureus chromosome by homologous recombination. This integration led to replacement of the fmhB promoter with the xylose regulon as shown in Fig. 1 . This promoter replacement was done in methicillin-resistant strain BB270 to simultaneously monitor the effects of fmhB repression on cell wall composition as well as expression of methicillin resistance. PCR on chromosomal DNA of strain SR18 with primer pair 3͞4 produced a 1,041-bp band, whereas with primer pair 5͞6 no product was detected, indicating chromosomal insertion of pSR1 into the fmhB gene (see Fig. 1 ). To ensure that the plasmid had integrated correctly without rearrangements, and that no free plasmid was present, Southern blots were performed with a probe covering either side of the 3Ј end of the fmhB fragment in pSR1. HindIII digests of chromosomal DNA produced a single 3.1-kb band in BB255 and two bands of 2.6 and 9 kb in SR18. No free pSR1 was detectable, confirming the integration as shown in Fig. 1 (data not shown). Strain SR18 was maintained at 42°C in the presence of erythromycin to prevent excision of the plasmid. The doubling time of SR18 at 42°C increased from 58 to 72 min upon addition of glucose. Addition of xylose, in contrast, had no significant effects and did not enhance growth of SR18 compared with unsupplemented LB medium, suggesting that in the uninduced state, the xylose regulon allowed a similar growth rate as when fmhB was controlled by its endogeneous promoter. The doubling time of the parent BB270 was not affected significantly by the addition of xylose and slightly decreased (15%) by glucose.
The fmhB transcript in BB270, determined by Northern blots, had a length of about 1,600 nt, suggesting that fmhB is a monocistronic gene. Transcription of fmhB from the uninduced xylA promoter in SR18 was about 10-fold higher than that from the endogenous fmhB promoter (data not shown). We assume that overexpression of fmhB is not toxic for the cells, as growth was unaffected. Addition of xylose to strain SR18 increased fmhB expression about 2-fold, whereas glucose reduced it substantially (Fig. 2) . Although strongly repressed by glucose, there was residual activity of the xylA promoter, which may explain why SR18 still grew, albeit at a reduced rate, in the presence of glucose.
Cell Wall Composition of S. aureus SR18. The sequence similarity of FmhB to FemA and FemB, which are involved in the synthesis of the pentaglycine interpeptide bridge, suggests that FmhB may have a similar function. To confirm this assumption, the amino acid composition of the cell wall peptidoglycan isolated from strain SR18 grown at 42°C in presence of glucose or xylose was compared with that of the parental strain BB270 grown under identical conditions. As shown in Table 1 , the amino acid composition of the cell walls of both strains grown in the presence of xylose was in agreement with the composition of S. aureus peptidoglycan; the molar ratio of glutamic acid to glycine was in the range of 1:4 to 1:5. In strain SR18 grown in the presence of glucose, a reduction in the cell wall glycine content in relation to glutamic acid was observed, and the molar ratio of alanine to glutamic acid was slightly increased. These data allow the deduction that repression of fmhB caused these changes in the amino acid composition of the peptidoglycan and that FmhB is involved in cell wall biosynthesis.
Muropeptide Analysis of S. aureus SR18. To characterize the role of FmhB in cell wall biosynthesis in more detail, muropeptides isolated from BB270 and SR18 grown in the presence or absence of glucose were analyzed. The HPLC profile derived from the peptidoglycan of the strain BB270 grown at 42°C revealed the typical muropeptide pattern of a wild-type S. aureus strain with a high amount of oligomeric muropeptides and the highest peak in the dimeric fraction (Fig. 3a) . No differences in the cell wall composition of the wild-type strain upon growth in the presence of either glucose or xylose could be observed, and both patterns corresponded to previous results found with this strain grown at 37°C (7, 12) . The cell wall of SR18 grown in the presence of xylose (Fig. 3c) revealed the typical bell-shaped muropeptide profile, superimposable to that of strain BB270 (Fig.  3a) . A strikingly different muropeptide profile was obtained from SR18 when grown in the presence of glucose (Fig. 3d) . The amount of oligomeric muropeptides was reduced and the highest peak was found in the monomeric muropeptide fraction, indicating a reduced overall peptidoglycan crosslinking. Although the relative amounts of the dimeric and trimeric muropeptide fractions were in the same range for BB270 and glucose-repressed SR18, the overall crosslinking degree dropped from approximately 80% to 65% (Table 2) , mainly because of the increase of the relative amounts of the monomeric muropeptides at the expense of the oligomeric fraction ( Table 2 ). The lowered crosslinking of the fmhB-repressed strain SR18, caused by the abundance of uncrosslinked murein subunits carrying an unsubstituted stem peptide, also may explain the increased molar ratio of alanine to glutamic acid found in the amino acid cell wall composition of this strain.
A detailed analysis of the monomeric and dimeric muropeptide fraction SR18 grown in presence of xylose or glucose is depicted in Fig. 4 .
When strain SR18 was grown in the presence of xylose, the majority of muropeptides contained a pentaglycine side chain represented by the large peak M4 (Fig. 4a , for peak nomenclature see Table 3 ), and only minor amounts of muropeptides containing no (M1), one (M2), or three (M3) glycine residues were detected. A drastic change in cell wall composition was triggered by glucose (Fig. 4b) . The monomer pattern was dominated by the nonsubstituted pentapeptide (M1) (retention time 16 min). A novel peak, which was shown by a pH shift to contain the nonamidated form of M1 plus a second nonidentified muropeptide component showing no pH shift, was detected in the monomeric fraction and designated M11. Concomitantly, the amounts of muropeptides modified by one (M2), three (M3), or five (M4) glycine residues were substantially reduced (Fig. 4b) . In addition, the degradation products of these monomeric subunits carrying stem tetrapeptides instead of stem pentapeptides (M2*, M6*) could no longer be detected. Peak M9, which represents the nonamidated form of the pentaglycine-modified muropeptide M4, also was found in reduced amounts, whereas the quantity of the muropeptide species M10, carrying an alanine residue in position one of the interpeptide side chain was unchanged.
In contrast to the monomeric fraction, the dimer pattern of glucose-grown SR18 was found to be similar to that of a wild-type strain, although the amounts of these muropeptides were strongly reduced. The highest peak (D3) was the same as in the wild type or in S. aureus SR18 grown in the presence of xylose (Fig. 4a) and was composed of two crosslinked monomers carrying pentaglycine side chains (Fig. 4b) . It thus can be assumed that the unmodified muropeptide M1 cannot be used efficiently for crosslinking in the peptidoglycan network.
Additional peaks (y and z in Fig. 4b ) were detected in minor quantities in the glucose-repressed strain SR18 that were not present in the wild type. Based on the retention time and the typical profile of the muropeptide separation pattern of the wild type it is speculated that these peaks are dimeric (y) and trimeric (z) muropeptides composed of the unsubstituted muropeptide M1 crosslinked to one or two pentaglycine-modified muropeptides (y3 and z3 in Fig. 4b ) or one or two monoglycine containing muropeptides (y2 and z2 in Fig. 4b ). Correspondingly, it is possible that y1 contains two unsubstituted muropeptides directly crosslinked between the lysine residue in position three of the acceptor muropeptide and the alanine in position four of the donor peptide, although the direct crosslinking of muropeptides without the glycine interpeptide bridge has never been observed in wild-type S. aureus strains. Because these novel peaks were found only in minor quantities, we were not able to analyze their structures by MS or amino acid analysis.
Besides the novel peaks found in the dimeric and trimeric muropeptide fractions, an additional unknown peak x (Fig. 4b) with a lower retention time than the nonsubstituted muropeptide M1 was detected in relatively high abundance in the glucoserepressed strain SR18. We speculate that this peak corresponds to the unmodified muropeptide containing a stem tetrapeptide instead of a stem pentapeptide, which might be derived from formerly crosslinked cell wall material by the action of an endopeptidase. In this case the peak should contain glycine linked to the alanine in position 4 of the stem peptide. The comparatively high amount of this peak may indicate that crosslinked   FIG. 4 . Detailed view of the monomeric and dimeric muropeptide pattern of SR18 grown with fmhB induction (a) and repression (b). Peaks were identified by their retention time upon comparison with standard samples. Peak M1 was analyzed by MS. The peak nomenclature is shown in Table 3 . *Peak areas of the indicated fractions were added and calculated in percent. † The value was calculated as follows: 0.5 ϫ dimer (%) ϩ 67 ϫ trimer (%) ϩ 0.9 ϫ oligomer (%) ϭ CL (crosslinking) (33).
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Microbiology: Rohrer et al. Proc. Natl. Acad. Sci. USA 96 (1999) muropeptides composed of one unsubstituted moiety are unstable and preferred substrates for an endopeptidase. Structure of the Muropeptide M1. To verify the structure of muropeptide M1 found in the glucose-repressed strain SR18, it was isolated and subjected to amino acid analysis. The following molar mass ratios in relation to glutamic acid (1.0) were found: alanine, 3.01, and lysine, 1.08. No glycine or other amino acids were detected, consistent with the amino acid composition of an unmodified monomeric muropeptide. MS analysis of the whole peptide indicated a molecular mass of 968. Susceptibility to Methicillin and Lysostaphin. Methicillin resistance in S. aureus is the result of the acquisition of the foreign PBP2Ј and can be expressed only when the pentaglycine interpeptide is present. Resistance is abolished in femAB null mutants that produce a peptidoglycan precursor with only one glycine residue (7) . A similar effect was expected to occur in SR18 after fmhB repression. Because this strain had to be maintained at 42°C one must take into account the temperature dependence of methicillin resistance. At 35°C the methicillin-resistant parent BB270 had an MIC of methicillin of 16 g͞ml, which was reduced to 1.5 g͞ml at 42°C. Strain SR18 had a similar MIC of methicillin of 1 g͞ml at 42°C, and in the presence of glucose the MIC was reduced to 0.19 g͞ml. Addition of glucose to the medium had no significant effect on the methicillin MIC in BB270 at either temperature.
Strains with a single glycine residue in the interpeptide, such as femAB mutants, are resistant to the glycyl-glycine endopeptidase lysostaphin. SR18 grown in the presence of glucose has a poorly crosslinked peptidoglycan but still possesses intact pentaglycine side chains. Interestingly, this structural difference rendered strain SR18 more susceptible to lysostaphin, decreasing the MIC more than 10-fold from 0.125 g͞ml to 0.01 g͞ml. Glucose did not affect the susceptibility of BB270 to lysostaphin, which had an MIC of 0.21 g͞ml at 35°C and 0.25 at 42°C.
DISCUSSION
Elucidation of the role of FemA and FemB in interpeptide synthesis (7, 10) led to the postulation of a hypothetical factor FemX responsible for the first step in pentaglycine side-chain formation (12) (Fig. 5) . Inactivation of FemX is expected to lead to an accumulation of peptidoglycan precursors. Repression of fmhB caused a decrease in cell wall glycine content and an increase in muropeptides containing no glycine residues at the expense of oligomeric muropeptides. The structure of the accumulating unsubstituted muropeptide M1, confirmed by MS, demonstrated that FmhB corresponds to the postulated FemX needed for the addition of the first glycine to the -amino group of L-Lys in the muropeptide precursor. Although the specificities of FmhB, FemA and FemB in pentaglycine synthesis are now clear, we cannot rule out involvement of additional factors in the process. Transcription of fmhB in SR18 was not completely abolished by the addition of glucose, leading to an intermediate phenotype with regard to the muropeptide composition. Although the amount of the unsubstituted muropeptide M1 was substantially increased, few muropeptides containing one, three, and five glycine residues were still present. Although the oligomeric muropeptide fraction was greatly reduced, the relative amounts of the dimeric and trimeric muropeptides were not significantly changed, showing that the unsubstituted muropeptide was crosslinked into dimeric and trimeric muropeptides but could not be efficiently incorporated into the more highly crosslinked staphylococcal peptidoglycan. The muropeptides containing a pentaglycine interpeptide are better substrates for the PBPs and consequently were incorporated into highly crosslinked peptidoglycan, whereas the unsubstituted muropeptides were found mainly in the monomeric or dimeric muropeptide fraction. Novel peaks found in the glucose-repressed strain in minor quantities suggested the existence of crosslinked muropeptides containing one unsubstituted moiety. In the crosslinking reaction, the bond between the C-terminal D-Ala-D-Ala of the monomeric murein subunit, the donor peptide, is cleaved and the energy is used to transfer this monomeric subunit to the amino group of the terminal glycine residue of the interpeptide side chain of a nascent murein subunit, the acceptor peptide, releasing the alanine residue in position five of the donor. Newly synthesized unmodified murein subunits therefore can still function as donor peptides and be incorporated into the pre-existing murein network (Fig. 5) but cause a dead-end structure. The resulting structure missing a glycine side chain would require a direct linkage of the next donor to the -amino group of the lysine residue of the acceptor peptide, a reaction that has not been observed in wild-type staphylococci. It has been shown that cell surface proteins in staphylococci are covalently linked to the pentaglycine interpeptide (31) . Direct crosslinking of muropeptides as it is known in Gram-negative bacteria thus would exclude anchorage of staphylococcal surface proteins. Hence it becomes clear that FmhB is essential for cell growth as well as pathogenicity.
Although femAB null mutants with mono-glycine side chains are highly resistant to the glycyl-glycine endopeptidase lysostaphin (7), the increased susceptibility to lysostaphin upon fmhB repression was likely the result of the few remaining complete pentaglycine crossbridges, because no direct crosslinking between unsubstituted stem peptides was observed. PBP2Ј-mediated methicillin resistance, which depends on the biosynthesis of the pentaglycine side chain (8) , was reduced accordingly in the fmhB-repressed strain, showing that pentaglycine-substituted precursors in sufficient amounts are required for expression of methicillin resistance.
Signature-tagged mutagenesis in a murine model of bacteriaemia revealed femA and femB as well as a novel factor with significant homologies to femB to be important in virulence (32) , of which the latter may be fmhB. The essentiality of fmhB, its key role in the pentaglycine side-chain formation, the requirement of the pentaglycine side chain for covalent linkage of cell wall-associated protein and for expression of methicillin resistance, suggest FmhB as a potential target for antibacterial strategies that may be extended to other pathogenic bacteria with interpeptide bridges such as streptococci and enterococci.
